













“This project is concerned with investigating the use of impressed 
current cathodic protection (ICCP) to protect domestic tanks. ICCP is a 
technique used in large industrial installations, such as those in the 
mining and oil and gas industries, and uses an electrical potential to 
impede the electrochemical reaction that leads to corrosion. Given a 
continuous source of electrical energy this approach operates 
indefinitely, without any maintenance.” (Lee, 2014) This document 
provides guidelines as to what must be done and where to look for 
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1 Introduction  
1.1 The Project Objectives 
This project aimed to investigate Impressed Current Cathodic Protection (ICCP) as a viable 
technology for protection of common hot water tanks in domestic households [1]. ICCP has 
proven to be a very effective solution in industries for protection of ship hulls, pipelines and 
offshore platforms to mention some [2]. But even though ICCP is a proven technology on an 
industrial scale it has yet to become a common solution in smaller installations for domestic 
use.  
As ICCP requires a power source to perform protection [3] of the water tank, contrary to the 
sacrificial galvanic solution [4], it was desired to provide a solution that would not be 
dependent on externally supplied power. An understanding of corrosion and the affiliated 
electrochemistry was identified as another element that had to be included in the project to 
achieve progress.  
From the project description given by the supervisor (see Appendix B – Project Scope from 
Start), a project plan was developed where the main focus was to design a complete system 
and concurrently, with this design, run small scale testing of aqueous corrosion. Some of the 
elements that were identified as the key components to investigate to be able to create a 
viable design were: 
 DC Current Controller 
 Anode/Rod 
 Voltage Potential Measuring  
 Energy Generation Element 
 Energy Storage Element 
The initial scope of work, defined in the project plan, was later amended due to the overall 
complexity of the electrochemistry involved in the design and the difficulty in finding 
scientifically proven solutions to some of the protection guidelines. A hot water system is a 
rather “temperamental” system, due to temperature and a constantly changing environment. 
It is therefore important that a proper balance is achieved for the system to deliver 
protection that is precise.  As no hot water system as a whole is designed in the same way or 
placed in the exact same environment, it is important to identify all variables that are 
involved in the corrosion reaction.  
However, the Project Plan that was submitted at the start of the thesis project proved to be a 
good guideline as to what an ICCP system requires for further development. The main 
problem, however, was the complete lack of consideration to the electrochemical reactions 
that takes part in the process. Because of this a new direction was developed from the initial 
hardware design of controllers and power supplies charged by renewable sources, to a 




project where guidelines and recommendations for further investigation were to be 
established.  
The new and revised project objectives that were developed and which will be covered in this 
report was as follows: 
1. Identify the elements that have the biggest impact on corrosion of a hot water system. 
Identify variables and distinguish between major and minor contributors [5].  
 
2. Provide discussion on the test procedures and the results acquired over the course of the 
project. Elaborate on the science behind it and where to find further detailed information 
other than the carefully explained science that will be provided in layman terms.  
 
3. Identify devices that can provide measurement of any quantifiable variables that have a 
major effect on the corrosion of the hot water tank. Also, provide an explanation to the 
science behind the design from an engineering point of view.  
 
4. Explain how to read and interpret certain diagrams and plots, like Tafel plots [6], Pourbaix 
diagrams [4] and Evans diagrams [7], as they are important for further understanding of 
corrosion. 
 
5. The creation of models that can provide values and simplicity for future testing is 
desirable. But as Anderko highlighted in his “Modeling of Aqueous Corrosion” paper in 
Shreir’s Corrosion book; “Aqueous corrosion is an extremely complex phenomenon that 
depends on a multitude of factors” [8]. The project seeks to investigate a model that can 












1.2 Cathodic Protection – Overview  
1.2.1 History 
Cathodic protection was initially discovered by Galvani and Volta in the late 18th century but 
was first applied in a practical manner by Sir Humphrey Davey for protection of the Royal 
Navy’s ship hulls in the 1820s. By adding small amounts of zinc, iron or tin around the steel 
nails, holding the copper sheeting in place, he managed to mitigate the corrosion that was 
occurring [9]. 
Advances was not made for a long time until the oil business in the USA needed to protect 
their assets submerged in soil or salt water in the 1950s [9]. 
Cathodic protection involves application of DC current through either a sacrificial anode or 
impressed current to an unprotected structure. Cathodic protection is designed to eliminate 
the potential between anodic and cathodic site protecting a metal structure from corroding. 
[10] 
1.2.2 Galvanic Protection 
Galvanic or sacrificial anodes are anodes that “sacrifice” its electron to another metal 
protecting the metal from corrosion. This protection method utilises the electrochemical 
reactions that occurs when two metals with different electrode potential are coupled in an 
electrolyte. It requires no external power and very little maintenance. Common metals used 
as anodes are magnesium (freshwater) and zinc (saltwater) [10]. 
1.2.3 Impressed Current Cathodic Protection 
Using ICCP for corrosion mitigation in water tanks is not a new concept [11].This method has 
already been explored and products are on the market [12]. Documentation that supports 
the success or explains the variables accounted for in such a system is scarce. Most design is 
based on the principles used for pipeline protection where a few of the parameters are 
changed to suit an ICCP design [13]. Some theories have therefore been established by the 
author as to why this is the case in a smaller system:  
 The system parameters are too complex to design for( high costs involved), 
 Risk Mitigation 
o Maintenance and implementation is too time consuming and costly 
compared to the sacrificial anode option. The chance of a sacrificial anode 
failing to protect the water tank is very slim and it is the end users own 
responsibility to change the anode according to the product specification.  
Other factors could be that industry has yet to adopt the solution for use in household 
applications due to undefined issues yet to be publicly announced. The lack of 
documentation and literature available indicates that ICCP, as a technology, has yet to be 




fully developed and utilised for domestic use. This thesis attempts to extend and collate this 
limited information available, supported by some corrosion testing. 
For an ICCP system in a water tank to be effective, many factors must be accounted for in the 
mitigation of corrosion:  
 The constant fluctuation of temperature as water that enters the system must be re-
heated.  
 Dissolved solids in the water that has different effects on the system that it enters 
combined with dissolved oxygen can accelerate the chemical reaction in the system. 
 The chloride and fluorides that have been added to control bacteria can have grave 
implications on passive films on the wall surface, depending on the pH levels of the 
water.   
The investigation of these variables and how they affect the system in regards to increased 
corrosion rate will be discussed in this thesis. 
It is primarily done theoretically, due to the complexity of the system and limited resources 
available at hand, but it seeks to serve as a useful guideline for further development and 
exploration of an automated ICCP system, powered by renewable sources, for household hot 
water tanks. 
  




2 Cathodic Protection – Detailed  
Application of cathodic protection can in practise be applied to any metal structure that is 
immersed in an electrolyte either fully or partially submerged, but will not be protected 
against atmospheric corrosion. [14]  
Common areas where cathodic protection is applied:  
 External surfaces metallic structures that are buried,  
 Surfaces of metal structures that are facing a waterfront,  
 Tanks where the internal surface is exposed to an electrolyte [17]. 
The cell potential is the difference between the potential changes at two interfaces. It is 
impossible to make voltage measurements or pass current into an electrolyte without using 
two electrodes. [15] 
Two half-cell reactions are occurring in a redox reaction. Where one half reactions involve 
the loss of electron (oxidation) and the other reaction gains electrons (reduction). An 
example is the two reduction half reaction of Zinc and Copper.  
                    (1) 
 
                (s) (2) 
   
When the two metals are in an aqueous state as ions, addition of 2 electrons will reduce the 
metal to the solid state.  
When these two metals are immersed in an electrolyte and connected together by an 
electron path, one of the metals will reduce and the other will oxidise. This is called galvanic 
corrosion.  The way to know which will be reduced and which will be oxidised lies in the 
metals reduction potential/galvanic table (see Table 2: Standard Electrode Reduction 
Potential Table [adapted from] [16] 
The rates at which these reactions occur are dependent on the availability of electrons in the 
reaction. It is therefore possible to control speed by either supplying or withdrawing 
electrons to the metal that reacts as there is no net overall charge being built up in the 
system.   
In the example of a water tank, where steel is submerged in the electrolyte, an 
electrochemical reaction will occur unless the steel has been protected by coating or the 
water is full of corrosion inhibitors.  
 




Listed below are the most common reaction that will occur in a steel tank immersed/filled 
with an electrolyt .  
                    (3) 
 
              
       (4) 
 
            
           
  (5) 
 
                    (6) 
 
In Figure 1: Aqueous Corrosion of Iro a tank with some distilled water is shown. When 
looking at this iron lattice everything looks nicely balanced and stable. But because of 
impurities in the crystal structure due to refinement, small potential differences occur on 
these impurities. This creates positive and negative sites. As oxygen is introduced to the 
water a reaction starts to happen. Figure 1: Aqueous Corrosion of Iron – Electron 
migrationshows the positive sites formed, the anode, and the cathode, which is the negative 
site. Iron will start to dissolve into the solution and the electrons will migrate to the cathode.  
 
 
Figure 1: Aqueous Corrosion of Iron – Electron migration 
 
Because the positive and negative sites that have been formed at separate areas of the iron, 
oxygen will start to migrate towards the cathodic site and the iron ion will dissolve into the 
water. This can be seen in Figure 2: Aqueous Corrosion of Iron. 






Figure 2: Aqueous Corrosion of Iron – Dissolution 
 
The oxygen will then bond with the electrons and water molecules to form hydroxide 




Figure 3: Aqueous Corrosion of Iron – Formation of hydroxide 
 
The hydroxide ions will then bond with the iron ions to form rust. The solid precipitate of the 
reaction will then plate on top of the iron which will eventually slow down the corrosion rate. 
If there is flow in the system these precipitates will be removed from the cell, meaning that 
there is no drop in the rate of corrosion. This is shown in Figure 4. 





Figure 4: Aqueous Corrosion of Iron – Formation of rust 
The rate of the two half reactions can be changed by either decreasing or increasing the flow 
of the electrons available in the metal in circuit. If electrons are taken away from a metal it 
will respond by dissolving ions into the solution. The faster the electrons flow away from the 
metal the more the metal will try to counteract and a higher corrosion rate will occur. If the 
metal is supplied with electrons from an external source the opposite will happen. This 
means that the metal will increase in size as metal ions of the same type is plated on to the 
structure or oxygen or hydrogen plate to the surface of the metal [14]. The anodic reaction 
and the cathodic reaction will always happen at the same rate meaning that a change in one 
will incur a change in the other. This is the guiding principle of cathodic protection.  
The anodic and cathodic reactions can be expressed in a more quantitative way, where the 
logarithmic current density (reaction rates) of the reactions is plotted against the potential of 
the metal. [14]. The corrosion current       and the corrosion potential       can be found 
where the anodic and cathodic reactions intersect on the graph. At this point the anodic and 
the cathodic sites have the same corrosion rate. [14] 
pH levels of a solution often govern the type of reaction that can occur. For alkaline and 
neutral solution the common reaction that will occur is the reduction of oxygen. The rate at 
which the reaction occurs is dependent on the kinetics of the solution, where the rate at 
which oxygen can diffuse on the metal surface is the governing factor. 
For these cathodic reactions to increase, a negative change in the potential is not sufficient. 
The only way to increase the cathodic reaction rate is to increase the availability of oxygen 
which is often governed by the flow of electrolyte [14]. 
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3.1 Production of Metals 
Metals are processed and converted from a raw material as a compound in an ore to its 
elemental state for use in commercial or industrial purposes [18]. Metals are always found in 
their oxidised state and must be reduced in order to get to their elemental state. But to 
reduce the metal, for it to be a resource that can be used in a practical manner, the raw 
material must go through an energy consuming process. One way of doing this is to feed, for 
instance, iron ore into a blast furnace where it is mixed with carbon and carbon monoxide at 
high temperatures (more than 1000˚C) [19]. At this temperature carbon will react with the 
oxygen in the oxide and this reaction will create carbon monoxide and pure iron metal. 
Limestone is also added to the process behaving as a purifier, reacting with the silicon 
dioxide that is often present in iron ore. [19] 
 It is important to note that some metal oxides will not be efficiently reduced using this 
method [19], but for the purpose of this report, where steel is the main reactant in the 
corrosion process, further techniques will not be discussed. 
When pure iron metal has been produced it is commonly further processed, serving as an 
ingredient into forming metal alloys like steel. Steel alloys are a combination of pure steel 
and other components creating types of material that has specifically wanted characteristics. 
The most common elements added to the mixture is chromium and nickel. These elements 
will add to the steel’s strength and to the corrosion resistance it can offer in certain 
situations. [20] 
The behavior of refined metals often comes down to the distinctive structure of the metal 
where many characteristics of the metal can have a great impact on its physical properties. 
Some of these characteristics have varying effects on the corrosion rates of the metal and are 
impossible to account for when designing an ICCP system. It is however important to have 
an understanding what they are and how they can affect the corrosion and the measurement 
conducted for controlling purposes [20] [4]. 
The crystallographic structure of metals means that atoms are set up in an ordered manner 
throughout the metal crystal and can therefore be assembled in planes to increase the 
overall volume. Its resistance to corrosion is governed by the binding energy of the “end” 
atoms. If the binding energy is less than the energy of the atom in the plane the likelihood of 
corrosion occurring is greater. [20] 
The grains that can be found, bonded with the crystal in the metal, are not always orientated 
in the same manner as the crystal. This causes structural discontinuity, which in turn has an 
effect on the corrosion behavior. 




Mixing two elements in alloys provides a wide range of physical properties, where the 
reactions depend on the specific composition of the alloy and the electrolyte in regards to 
what type of corrosion one can expect at different phases. It is therefore important to 
identify the different behaviors that can be exhibited during different phases. [4] 
This is an important factor to consider when choosing materials for the hot water tank, as the 
added elements, forming the alloy, can have reaction characteristics that will not do well in 
the environment it will be exposed to in a hot water tank. [20]  
3.2 Corrosion of Metals 
As metals have been taken from preferred “low energy” state as an oxidised species to a 
more elemental state, where it has a higher energy level in its reduced state, the reverse 
chemical reactions will start to occur. This is because metals prefer an oxidised state and not 
the reduced state. For a metal to reverse the chemical process it went through to become a 
reduced species, each of 4 requirements must be met [4]:  
1. There must be an anode – which oxidizes (positive polarity);  
2. There must be a cathode – which is reduced (negative polarity); 
3. There must also be an electrolyte to enable ionic movement; 
4. There must be an electric connection between the anode and the cathode to allow 












If one of these requirements is not met, the reaction will halt and there will be no measurable 
corrosion occurring. By eliminating any one of these requirements it is possible to control 





Ionic Movement in Electrolyte 
Electron Flow from Cathode to Anode 
Figure 7: 4 Corrosion Requirements 




and the possibility of creating a stainless steel water tank without impurities, where cathodes 
and anodes can form, is almost impossible. Elimination of the cathode where electron 
consumption occurs is therefore the most applicable scenario in an aqueous environment 
like a water tank.  [4] 
Corroding metal is analogous to a short-circuited energy-producing cell, which involves 
charge transfer reactions. The equilibrium potential is the variable that governs the 
conceptual relationship between two corroding metals in an electrochemical cell. The metal 
with the higher reduction potential is assumed to be negative in respect to the other 
reaction that occurs in the electrochemical cell. [21]  
Electromotive force (EMF) is charge separation produced by chemical reactions at the 
boundaries between solutions containing ions and solid metal and is the” energy per charge 
given to a system of charge” [15] . When separated, an electrostatic field will be created along 
with an associated potential difference. [15] 
The potential difference produced from the EMF is unique to all metals and is the reason 
why batteries exist. When two metals of unlike potential are immersed in an electrolyte a 
potential difference will occur between them. [15]  
“Metals become unstable because of different electrodic charge-transfer reactions 
occurring simultaneously and in opposite direction at the surface.” [21] 
Metals that are immersed in an electrolyte are commonly of negative potential to the 
electrolyte.  When two metals are immersed to form a galvanic cell, one will become an 
anode and one will become the cathode. The metal that is the least electronegative will be 
positive in respect to the more electronegative metal and will therefore become the cathode. 
[15]  
Metals, when immersed in a solution, respond in different ways, depending on the metal 
composition. The noble metals, for instance, exhibit an immune behavior, meaning that the 
metal does not react at all to the changing environment and no chemical reaction occur as 
the metal is thermodynamically stable. For other metals, not being thermodynamically stable, 
the active and the passive behavior will occur. The active behavior means that a metal is 
dissolving in a solution where the soluble corrosion product has no protective properties. 
Because of the lack of protection provided from the corrosion product in the active state, the 
metal will continue to corrode. For the passive behavior, corrosion quickly slows down to 
very low levels due to the insoluble corrosion product formed. This product is commonly 
called a protective film or passive film and will significantly protect metals from corroding 
any further. [4] 
For corrosion protection the immune and passive behavior are obviously the desired 
behaviors. As the immune behavior is a noble metal attribute, cost and strength limits their 
use for engineering applications. Most metals are therefore designed to achieve a passive 




behavior. When choosing metals it is therefore crucial to know the behavior of the selected 
metal and the chemistry of the solution so that the desired behavior can be achieved. [4] 
All electrode potential are measured in respect to a hydrogen reference electrode. This 
reference electrode has been given a potential reading of zero. All other metals have been 
measured in accordance to this reference anode. The reason for this approximation is 
because it is impossible to measure the exact absolute electrode potential without 
incorporating another measuring device. [15] It is also important to note that the potential is 
not purely based on the electrode potentials, but a combination of the two electrodes and 
the solution they have been immersed into [15].  
A redox reaction is a chemical reaction where one specie lose electrons and one specie gain 
electrons. The specie that loses its electron is said to be oxidised whilst the species that is 
gaining an electron is said to be reduced. This concept tends to be confusing when one is 
first introduced to electrochemistry. Instead of thinking of the wording as an antonym 
concept, think of them as two theories developed independent of each other. (The reason for 
this is that the initial redox reaction has its name from adding and removing oxygen [16]- 
which is only half the truth). Yes, the oxidation part of the term can be used as a slight 
reference. If a metal dissolves in solution and becomes an ion, the most likely electron 
acceptor would be dissolved oxygen. Reduction has to do with a metal’s inherent need to 
become more stable, to become nobler. For some metals this means gaining electrons [16] 
and by gaining electron they move into a lower energy level.  
Cathodic reactions happens when a metal with a higher reduction potential than the 
equilibrium potential of the metal-diffusion reaction. [21] The reaction that occurs from the 
cathodic side can be represented by: 
      
                   .  
If several cathodic reactions occur in a solution, the one that yields the highest corrosion 
current is preferentially adopted. This is the normal electricity rule: when parallel reactions 
occur, the current is controlled by the reaction which yields the largest current 
corresponding to the given potential. 
 
3.3 Thermodynamics 
Aqueous corrosion is an electrochemical reaction occurring on a metals surface, where 
metals change from a metallic state into a non-metallic state through dissolution. This 
reaction leads to a drop in system energy level through the production of solid corrosion 
products or dissolved species of the metal.  [4] This drop in energy level that is caused by a 
metal’s need to be in the lowest energy form possible is the driving force behind corrosion 
and can be quantified through the laws of thermodynamics. When the system has reached 




equilibrium no further change will happen to the system as there is no driving force present; 
it is therefore said to be stable. 
The laws of thermodynamics assist in determining reaction occurrences, probability of 
reactions, prediction of corrosion products and aids in understanding the central corrosion 
phenomenon in corrosion processes. “It describes equilibrium as a function of the elements 
and compounds present and the environmental conditions such as pressure, temperature and 
chemical composition” [4]. The equilibrium is achieved when the system has reached its 
lowest energy state [4]. 
A good account for the usefulness of thermodynamics concepts is how it can explain the 
reaction behaviour of copper in hydrochloric acid (HCl).  When copper is immersed in HCl 
and there is no oxygen present, it will not corrode. If oxygen is added to the solution, copper 
will corrode rapidly. [4] 
 
3.3.1 Gibbs free energy 
The more pure a metal is the more stable and corrosion resistant it will be. Pure metal should 
not corrode at all. To make a decision on which metal to use in a certain process one need to 
look at the magnitude of the rate of dissolution and the stability of that metal under the 
defined conditions. [21] 
Stability is a key feature that needs to be addressed before even the corrosion rate is looked 
at in detail. This stability criterion falls under equilibrium thermodynamics, where the 
cathodic reaction is deemed to be proceeding either spontaneously or not. [21] 
“Large negative free-energy changes give rise to large positive potential differences, and large 
positive free-energy changes give rise to large negative potential differences” [4].  
Both these terms describe the magnitude of the driving force as an electrochemical reaction 
occurs. And for these two, when there is no driving force at the equilibrium state, both the 
driving force and the free-energy change are equal to zero in terms of potential. This is 
illustrated in Figure 8: Free energy reactions [adapted from]. Two procedures are followed to 
make sure that the appropriate sign convention for the driving force reaction is correct and 
for consistent potential values: [4] 
 All reactions are written to consume electrons 
 The relationship          is used 
 This relationship is described by: 
                    (7) 
 
 




         
                                          
                     
               
                 
The product of the two reaction’s free energy stipulates whether a spontaneous reaction will 















3.3.2 Nernst Equation 
The Nernst equation is an important equation in calculating non-standard electrode 
potentials and is described by The Materials Information Society as: 
“It expresses the exact electromotive force of a cell in terms of the activities of product and 
reactants of the cell” [4].  
The two half reactions are combined, based on the standards electron potential of the 








Figure 8: Free energy reactions [adapted from [4]] 




signage as it will become the oxidised metal, whilst the reducing metal can stay as it is (This 
is because the standard electrode potential has been based on reduction potentials). The 
equation will therefore be: 
Reduction: 
                   = +0.34V       
Oxidation: 
                 = +0.76V 
Combined half reactions: 
                       = 1.1V 
These values are all calculated with 1 mole of aqueous ions in each reaction at standard 
conditions of 25° C. This is the ideal reading. It is important to note that it is only a guideline. 
To be able to have a better theoretical value of the exact cell potential that can be achieved 
in an experiment, the Nernst equation must be applied. To get the exact theoretical value it 
is necessary to measure the ionic content of the metals in the electrolyte. [16]  
When using the Nernst equation, a relationship in regards to the ion concentration of the 
solution is used as a base of electrode potential calculations. It is important to mention that 
transfer of electrons can still occur even without metal ions that plate on the cathode. 
Hydrogen evolution and oxygen reduction are the two most common reactions that take 
place. They are also variables that can drive continuous corrosion of a metal in an electrolyte. 
[21] 
The Nernst equation used for calculations of a half-cell is:  
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The variables are: 
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When Q=1, meaning that the concentrations for the products and reactants are the same, 
then taking the log of this equals zero. When this occurs, the Ecell is equal to the E
o
cell. [22] 




For the Nernst equation 
             (9) 
   
Where A-D is the molar content of the participating metal and a-d is the number of metals 
involved in the reaction. 
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It is important to note that the solid electrodes Zn(s) and Cu(s) are not included in this 
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For this reaction with 2 electrons the reaction is: 
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As the number of electrons is 2 the equation becomes: 
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Corrosion protection is based on the principle of galvanic corrosion, where metals that are 
more electronegative coupled to another metal in an electrolyte dissolve into water and 
release their electrons. The metal that loses its electron is oxidised and the metal that gains 
the electron is reduced [23]. This concept has been discussed further in the Corrosion section 
in this document 
The equipment that has been used to do experiments on ICCP as a protection method for 
corrosion has been very basic. The main focus was to understand the underlying reactions 
and to be able to alter the parameters through understanding and not purely theoretical 
calculations. The testing was purposely simplified after advice from staff working in the 
extractive metallurgy area at Murdoch University [24]stating that the project objective was 
too ambitious and not as easy as it seemed. It was advised that basic understanding of the 
reaction with only two metals in a basic system should be attained before additional 
variables were introduced. 
4.1 Experiment 1 
The experiment objectives were to:  
 Demonstrate galvanic corrosion. 
 Understand how to measure the potential and current in the reaction.  
The experimental set-up was, as illustrated in Figure 9: Galvanic Corrosion Test Set-up: 
 3 Glass beakers 
 3 Multimeters 
 3 Strips of zinc 
 3 Strips of copper 
 Alligator and measuring probes  to connect the copper and zinc in series with the 
multimeter 





Figure 9: Galvanic Corrosion Test Set-up 
 
On the basis of reduction potential and the galvanic series, a voltage potential was 
calculated.  In this redox reaction the present metals are Zinc (Zn) and Copper (Cu) From the 
reduction table in Appendix A – Standard Electrode Reduction Potential Table it can be 
identified that zinc will be the oxidised species due to its lower reduction potential of -0.76 
Volts compared to copper which has a reduction potential of 0.33 Volts and will therefore be 
the reduced species.  
                (s) (15) 
 
                    (16) 
 
Zinc is the oxidised species and its half-reaction is therefore reversed. 
                    (17) 
 
The potential from the two half-reactions are: 
                         




By combining these two half-reaction values, it is possible to calculate the potential of the 
standard cell potential using equation (19) 
                               (18) 
   
                       (19) 
 
These calculations assume steady state conditions and the subscript   is therefore added to 
the equation, signifying standard cell potential. 
         
 
         
 
      (20) 
 
                                (21) 
 
It is Important to note that this standard cell potential is positive, which means that the 
reaction will happen spontaneously. (See Gibbs free energy) 
 
 
Figure 10: Galvanic Corrosion Test Results 




From Figure 10: Galvanic Corrosion Test Results, one can see that the results achieved from 
this test were about 20 % off the expected values calculated for standard cell potential in 
equation (21). These discrepancies were significant and the reason behind it needed to be 
investigated. 
4.1.1 Experiment 1 – Outcomes  
One of the explanations that were identified as a cause of the discrepancy in the standard 
cell potential was the condition in which the experiment was conducted. For all standard 
reduction potentials in a half-cell the standard conditions of 25°C and a 1 molar 
concentration of aqueous ions are used [16].   
As this was a “clean”1 water solution the ionic species that would create the driving force 
behind the reaction were not present. To be able to calculate this new cell potential from 
non-standard conditions the Nernst equation must be used. (See Nernst Equation) 
4.1.2 Experiment 1 - Conclusion 
A specific molar content of the aqueous ion was therefore deemed to be the main limitation 
as to achieving a reading of 1.10 V. For future projects, a further investigation into the 
standard reduction potential as a measure of molar content should not be necessary; the 
Nernst equation on the other hand is a crucial tool to further develop an understanding but 
also to develop theoretical results as to how the system might react at different conditions. 
4.2 Experiment 2 
Having acquired a better understanding of the reduction potential of the galvanic reaction, a 
further look into the current voltage relationship was required. This experiment utilised the 
same set-up as the previous experiment, where only the swap of cables from a voltage 
reading to a current reading was done. The current reading was set to milli amps (A) and the 
voltage reading to Volts (V).  
When measuring cell potentials in a beaker with an aqueous solution containing very few 
dissolved ions, the readings take a while to stabilise. The initial plan for this test was to do 
some quick current readings and see what type of currents could be achieved; this proved to 
be harder than first anticipated.  
The testing was showing some results that were hard to describe.  When the voltage was 
measured at the start of the test, it gradually built up from around 0.70 Volts to values 
between 0.85V and 0.95V, which was expected. When measuring current the test exhibited 
behaviours that were hard to explain. As the multimeter was swapped from voltage 
measurements to current measurements, the initial value measured to around 0.6mA was 
rapidly decreasing. As the multimeter was swapped back to voltage measurement, the 
opposite behaviour occurred with the voltage at an initial level of around 0.700V, increasing 
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 Pure meaning that the water solution was taken straight out of the water tap without any additional 
components. 




over time. Multiple tests were conducted but no real answer to the behaviour was attained. 
As the behaviour proved to be consistent, a lengthier experiment was conducted where 
voltage and current measurements were conducted without changes done to the 
multimeter. In this experiment the voltage was again showing a steady increase over the 
course of the test whilst the current had a steady decline.  
Figure 11: Galvanic Corroison - Voltage vs Time Plot and Figure 12: Galvanic Corrosion - 
Current vs. Time Plot highlight the behaviour explained. As can be see, a fairly stable reading 
was attained with the values plateauing after 12-15 minutes.  
 
Figure 11: Galvanic Corroison - Voltage vs Time Plot 
 
Figure 12: Galvanic Corrosion - Current vs. Time Plot 
The discussions with the project supervisor were fruitful in one regard, but it did not answer 

















































developed but no real result was attained. Through some fundamental research, a solution to 
the problem was eventually found.  
When the zinc dissolves into the water its electron is passed onto the copper. As there are no 
copper ions present in the solution, something needs to accept this electron. Oxygen 
behaves as this electron acceptor and the reaction can therefore occur. [25] 
The reaction is controlled by how fast oxygen can diffuse2 into water and react. The reason 
why the current drops is because a short circuit is created when the multimeter is turned to 
current readings. This short circuit uses up all the available reactant. When the multimeter is 
set back to voltage readings, oxygen can again start to diffuse through the solution and the 
electrode can be replenished. The reason for the quick drop is because it is only the oxygen 
that is close to the electrode that can participate in the reaction and this is quickly used up 
when there is a short circuit. [25] 
As more ions are available for the reaction more current is generated. When the current 
plateaus the limitation of the current is the surface area of the electrode. The voltage 
potential does not change much because it is dependent on the type of rather than the 
surface area of the electrode. [25] 
A small side experiment was conducted when these behaviours were discovered where 
lemon juice was added to the water. This had a significant impact on the responsiveness of 
the system. After the addition of lemon juice the system would not only respond and settle 
quicker, but higher currents and voltages were also achieved. This test proved to be valuable 
as it highlighted the importance of ionic species and their molar content in regards to 
potential magnitude in a corrosion cell. It also underlined how conductivity will increase the 
reaction rate in a corrosion cell. 
4.2.1 Experiment 2 - Conclusion 
From this experiment it has become evident that oxygen would be one of the main variables 
that need to be either controlled or monitored properly. A proper understanding on the 
effects oxygen can have on an ICCP system is essential.  See the Corrosion section for a more 
in-depth understanding of oxygen and its involvement in corrosion reactions. 
4.3 Experiment 3 
As the testing of galvanic corrosion was useful to better understand the effects that oxygen, 
conductivity and ion concentration can have on corrosion, it was time to move on to testing 
impressed current.  
                                                          
2Diffusion or Molecular diffusion is a “net transport of molecules from a region of higher 
concentration to one of lower concentration by random molecular motion.” [31] 
 




Steel cylinders were sourced to simulate a water tank environment and a plastic hose at the 
bottom of the cylinder helped to empty out the water to simulate the natural behavior of 
water in a hot water tank. During the experiment water was changed frequently without a 
change in temperature but left at the initial ambient room temperature.  
Three tests were set up for experiment 3 in the laboratory: 
1. Demonstrate ICCP – A copper strip submerged into the electrolyte connected to a 
battery 
2. Copper strip submerged into the electrolyte and electrically connected to the cylinder 
through the multimeter 
3. Zinc strip submerged in the electrolyte and electrically connected to the cylinder 
through the multimeter  
These experiments were done as preliminary experiments to get a better understanding of 
what is required to halt corrosion through the use of impressed current.  
When the metal cylinders were submerged into the electrolyte different readings were 
produced in regards to polarity. The copper showed a negative value and the zinc showed a 
positive value in reference to the steel cylinder. All this was done without the battery 
connected. 
This proved that the setup had different electron flow. The zinc, which has a higher energy 
level (more electronegative) than steel and is therefore more willing to lose electrons, 
provided a 0.80V reading in the electrolyte. The copper, with a lower energy level (less 
electronegative) than steel and which has a greater opposition to loss of electrons, provided 
a negative reading of -0.50V. This revealed that in experiment 1 and 2, copper was the 
cathode and in experiment 3 the steel was the cathode, which was expected. Connecting an 
AA Alkaline battery to the multimeter to validate electron flow also proved this assumption. 
(Electrons travel from the positive side to the negative side. 
At the end of the experiment the water samples showed a reddish colour, which was 
assumed to be rust particles.  
The results raised two issues: 
1. For steel to produce iron oxide oxygen must be present. How much does this 
reaction interfere with the potential measure during the test? 
2. The cylinder needs to be cleaned properly to further investigate the pre-existing rust 
effect on the water. 
A battery was then connected to experiment 1 and the current and voltage were measured. 
This showed a very high current output. A resistor was therefore added to the circuit to lower 
the current applied to the experiment.  




From the previous experiment a current of 0.2mA had been measured. The resistor circuit 
was therefore designed for the battery to produce a current of that magnitude to oppose the 
current present. By using Ohms law the protection current could be calculated. 
          ⁄  (22) 
 
Where V = Voltage, I = Current and R is the resistance. 
 The battery had a voltage of 1.25V 
 Resistor configuration was 118kΩ 
o A circuit of 18kΩ was initially tried but that provided a current of -0.39mA 
     
        ⁄
             
With an additional 90k   the current that was applied was down to 8 micro amps trickling 
down to 6micro amps over a time period of 4 hours. During this current testing phase the 
voltage was staying constant at around 1.2V but through the course of testing it dropped 
down to 0.800 V.  
It was clearly assumed, at the time, that the applied current reversed the reaction as the 
current measure in the structure was reading a positive current.  
Another factor that was assumed to provide evidence of the applied currents effect was 
when the cylinder was filled up with new electrolyte. The current did not change as the 
anode was immersed deeper into the electrolyte. When this was done at the side 
experiment, with copper, current gradually rose through the entirety of the refill.  
The steel/zinc test, however, created doubt about the validity of the results. In this 
experiment a zinc anode was used to protect the steel structure and no rust was produced 
similarly to the scale of what the two other experiments was producing.  
From this it is believed that the ICCP provided to test 1 did not provide the protection 
intended even though the current was reversed significantly.  
4.3.1 Experiment 3 - Outcomes 
 A firm understanding of which metal is the cathode and which is the anode is crucial. 
 Polarity of the measured values is crucial to see where the current need to be applied.  
 This highlight the need for further investigation into what current and voltage is 
required to halt the corrosion in the cell. 
This experiment proved to have some major design flaws in it, where the current applied was 
believed to be of the opposite sign but of equal magnitude to halt corrosion. The experiment 
did, however, identify some aspects that need to be looked at when designing an ICCP 
system.  




 Simple preliminary testing and experimentation can highlight problems that can 
easily be dealt with. 
 Understanding Anode and Cathode behavior are crucial to be able to correctly design 
a reliable cathodic protection system. 
 
4.3.2 Experiment 3 – Conclusion  
It was evident from the testing that a better and broader understanding of electrochemistry 
had to be attained. One of the parameters that was identified through further research, was 
the need for a reference electrode, but due to the difficulty of acquiring a reference 
electrode further testing was held up. Another important discovery was the protection 
criterion of -850mV that serves as a guideline for cathodic protection. This criterion is 
probably the most significant guideline to follow in achieving protection of the water tank. 
The only problem is that this criterion has not been scientifically proven and a properly 
explained reasoning is hard to find. It has later been highlighted through LinkedIn discussion 
(see: Appendix D – LinkedIn Discussion), that better descriptions are on offer in standards 
provided by NACE and Australian standards for cathodic protection. For this project, the 
sourcing of these standards was unfortunately not achieved in time for the information to be 
added to this thesis report. It is advised that the project supervisor is consulted at an early 
stage of the project as to see of it the cost of the guidelines will fall under university budget. 
For further in depth discussions in the protection criterion and the reference electrode (see -
850mV protection criterion – Instant off) 
4.4 Experiment 4 
Another experiment was conducted where a graphite rod (from a pencil) served as the 
anode. This is a nobler anode than copper earlier used. A potential of .150V was measured 
between the steel structure and the Graphite rod.  
This experiment did not seem to produce what was expected as the solution showed 
significant corrosion. Through an adjoining experiment where a zinc anode was used as a 
reference, in a sacrificial anode set-up, it showed that even though there was a reversal of 
current and voltage, there was still a lot of rust produced. 
The anode rod served purely as an anode for the reaction between copper and steel. 
Through the same battery set-up from before, where a 100kOhm resistance was put into the 
circuit with a battery to limit the current, reversal of current and voltage was achieved. The 
values were changed from 1.5V to a -0.85V structure to electrolyte voltage and current 
readings changed from 0.2 mA to 0.3 mA. From the water samples conducted less rust was 
produced but there is still some particles floating. As for the adjoining zinc experiment no 
rust was produced.  
It is very hard to conduct these experiments without a reference electrode that can provide 
solid results in regards to the “actual” structure to electrolyte potentials that is produced. It is 




desired to conduct an experiment where a similar battery and resistance setup is used for 
current supply. Using a salt bridge as the ion connection between the metals instead of the 
direct coupling in water currently in place could deliver more stable results. 
Another cylinder was set up in the experiment where the battery voltage was reversed; 
producing what is expected to be an over-protection scenario. This was done to see if there 
would be any significant difference in regards to the other ICCP circuits providing actual 
protection. This showed no concrete results.  
An additional test was later conducted and again the current was restricted with a voltage 
potential of -850mV produced. It is believed that the -850mV potential that has been 
recommended is not in correlation to the metal potential used in the testing. The -850mV 
potential that has been recommended should be in accordance to a copper/copper sulphate 
reference electrode. This experiment has taken the potential from 0.30mV to -850/-950mV. It 
is believed that this is the wrong approach as no stable readings have been achieved.  
4.4.1 Experiment 4 – Conclusion  
From looking at these tests it is evident that the procedures and reasoning are starting to 
produce better results, but the tests also highlights that the concept of a protection criterion 
was not fully understood. Without the application of a proper reference electrode and 
applying the instant-off reading that is required in measuring the structure to electrolyte 
potential, these results are of limited value.  
From the succession of different experiments it became evident that a controller will need to 
be designed.  A controller that can produce the correct current and voltage outputs as a 
variable source like the AA used in previous test, does not provide real protection. What type 
of effect these random currents might have depends on the magnitude of the current and 
the voltage potential attained at the structure. 
Without a controllable source it proved to be difficult to produce consistent measurement, 
as the current and voltage values behaved as constant power reading. The current and 
voltage was changing values but the product of the two was close to the same wattage 
throughout the tests. The measurement does also change significantly; they become lower 
than expected, even though measurement and calculations would imply otherwise. For this 
project to progress it was important that some of the unknowns that has not yet been 
calculated and understood were solved.  
 
4.5 Experiment 5 
From the previous experiments it was evident that a reference had to be sourced. When it 
was sourced and a voltage controller was designed the project moved on to a more 
structured testing phase. The protection criterion of -850mV was applied (this time correctly), 




calculations that would provide the correct magnitude of current were completed and 
batteries that could supply the voltage regulator 3sourced.  
The setup was slightly different to the previous experiments that was conducted as the 
 One beaker 
 One reference electrode  - Saturated Calomel [2] 
 Metals 
 Water serving as the electrolyte 
An experiment to test the reference electrode was done where metals were submerged into 
tap water for 10 seconds and a voltage reading was made with the reference electrode. The 
results are given in Table 1: Half Cell Potential 







Figure 13: Voltage Regulator 
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 The voltage regulator has 2V voltage drop across its terminals and the 1.5 volt batteries used at an earlier 





Stainless Steel -0.037V 









5 Future Recommendation for ICCP Design  
5.1 ICCP Design – Phase 2 
Through the research conducted over the course of this project all the elements and the 
associated variables required for a solid design of an ICCP system for a hot water system 
should have been identified and has been addressed in this report. The associated testing 
has also given a solid understanding of what needs to be addressed for this project to be 
developed further. In this section of the report, all the elements that research has shown to 
be important to achieving an ICCP system will be discussed. The section has been split into 
the key elements of the physical design itself and the necessary theoretical knowledge 
required for future progress 
5.1.1 Physical Design 
The envisioned physical design of the ICCP system can be seen in Figure 14: ICCP Protection 
System. 
 
Figure 14: ICCP Protection System 
5.1.1.1 Constant Current Controller – For Testing Purposes 
Testing has shown that current is the main driver as to achieve a protection potential that is 
stable. It is therefore recommended that a constant current source should be designed for 
simple testing. Appendix C – Constant Current Controller provides a G.Lee design that could 
be utilised. Due to some unforeseen events, this design was not properly tested and verified.  




5.1.1.2 Controller – For System Use 
A controller that can control the current and voltage supplied to the circuit based on the 
parameters supplied from measuring devices in the system. 
5.1.1.3 Monitoring of results 
Corrosion testing is a time consuming affair and the measurements that are to be done will 
take a substantial amount of time. It is therefore recommended that a system that can 
monitor the system when tests are conducted is designed and built. A DAQ card from 
National Instruments combined with a LabVIEW program would be a good choice due to the 
versatility of both their software and hardware. The system inputs should be: 
Structure to electrolyte potential (analog in)  – one sample per minute is sufficient.  It is 
important to keep in mind that this measurement requires that there is no current supplied 
to the system. 
Current supplied (analog in)  – If a fully functional controller has yet to be designed it is 
assumed that a current controlled source is used for the testing.  
Voltage supplied (analog in) – The voltage will be a good indicator on the stability of the 
system. If the current is supplied uniformly to the structure and there are no external 
influences, the voltage should stay the same. The voltage reading will also be very useful if 
water (hot or cold) is being cycled through the system.  
The current supply needs to be turned off when the structure to electrolyte reading is 
conducted. By running the supply through a Solid State Relay (SSR), controlled by a digital 
output on and off capabilities should be achieved. 
5.1.1.4 Tank with known parameters 
The structures used for testing in this project were of an unknown composition. (It was said 
to be mild steel – hard to verify without it being tested).  
It is advised that a structure with known composition is sourced and that the metal exhibits 
uniform behaviour4.  A metal that will produce visible precipitate would be preferred as visual 
inspection is very good source of verification.  
As the structure should exhibit a uniform behaviour through the testing it is important to 
find ways of cleaning the precipitate off. Damaging the structure can lead to localised 
corrosion in places where the structure is no longer protected and could mean that 
experiments that are successful could be deemed negative as the tank would exhibit visual 
precipitate.  
                                                          
4
 Coated and certain types of alloys will have different behaviours depending on the electrolyte conditions. 




5.1.1.5 Reference electrode 
For the tank to be protected it is important to be able to read the structure to electrolyte 
potential. It is advised, however, to have more than one reference electrode available for this 
project due to calibration needs. (Ideally, 3 of them should be sourced.) 
5.1.1.6 Battery 
The battery should be able to charge and recharge for 15-20 years for the system to be a 
viable design solution. Achieving this, with a reasonably priced battery is highly unlikely. It is 
therefore suggested that price is taken into account when the storage element is chosen. 
5.1.1.7 Anode selection 
 Economy 
 Life expectancy of the anode 
 How many are required 
 Selecting the anode placement 
5.1.1.8 Power generation element 
For the renewable energy source it is advised, for Western Australian conditions, that a solar 
panel is the component of choice. 
5.1.1.9 Electrical Isolation 
Make sure that the anode is isolated from the rest of the structure. If this is not done a short 

















5.1.2 Theoretical Understanding 
There are many variables to account for when designing for corrosion protection. It is 
therefore important that some of the theoretical concepts listed below are understood and 
accepted. Acceptance is important mainly due to the difficulty in quantifying the correct 
magnitude of influence from certain variables. The empirical work that has been done is now 
accepted as the standard [26]. For a new phase of the project to progress these elements 
should be left as is and not attempted to solve.  
5.1.2.1 -850mV protection criterion – Instant off 
The -850mV protection criterion is purely an empirical number that has proven to be the 
most efficient protection potential in the protection of structures in aqueous solution [26]. It 
is partly5 supported by the Pourbaix diagram [27] and the Nernst equation [28] which serve 
as good guidelines as to what could occur depending on pH levels and molar concentration 
of reactants in the electrolyte. Even though the Pourbaix diagram cannot provide definite 
values for use in a protection circuit, it most definitely supports the criterion and is of very 
good help in understanding why and how the -850 mV criterion works.  (See -850mV 
protection criterion – Instant off for more information)  
5.1.2.2 Current density 
Current density values cannot be perfectly quantified [29]. Most corrosion values that are 
given in regards to current density have very big safety margins due to a number of factors. 
It is therefore advised that current density theory is understood comprehensively so that a 
more educated choice can be made when it is time to set the protection current. (See 
Current Density for more information) 
5.1.2.3 Electrolyte resistivity 
The water in Perth is very diverse, and for future design it is therefore important to be able to 
account for this. (See Dissolved Solids and Hard water (calcium carbonate)) 
5.1.2.4 Electrolyte pH 
pH can have a big impact on certain variables involvement in corrosion. This can be seen by 
the Pourbaix diagram. Chlorides, for instance, can if the pH is low have a very negative 
impact on the passive film of stainless steel. (See pH) 
5.1.2.5 Structure resistance of: 
 Cables 
 Water tank 
5.1.2.6 Pourbaix Diagram 
The Pourbaix diagram serves as a guide for electrode potential at standard conditions under 
different levels of pH. By using this as a guide it is possible to determine what type of 
behaviour to expect at certain conditions. 
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 The Pourbaix diagram for metals are based on standard conditions 




5.1.2.7 Nernst Equation 
The Nernst equation is an important equation in calculating non-standard electrode 
potentials. “It expresses the exact electromotive force of a cell in terms of the activities of 
product and reactants of the cell” [4].  
5.1.2.8 Gibbs Free Energy 
“The Gibbs free energy is a thermodynamic potential that measures the "usefulness" or 
process-initiating work obtainable from a thermodynamic system at a constant temperature 
and pressure.” [30] 
5.1.2.9 Dwight Equation 
This equation can be used to calculate the anode to electrolyte resistance 
 
                                         
                              
                             
                                  
 
5.1.2.10 Butler-Volmer Equation 
The Butler-Volmer equation is fundamental in electrochemistry relationships and “describes 
how the electrical current on an electrode depends on the electrode potential, considering that 
both a cathodic and an anodic reaction occur on the same electrode” [31] 
 
5.2 Data Gathering – Methods and Resources 
All the processes and most of the parameters that can affect the corrosion rate can at times 
be unknown to the designer as the chemical reactions and system processes are not readily 
or accurately predictable. 
When designing a new ICCP system it is important to be able to factor in all the variables 
that can have an effect on the system. There are several ways to do so and for a new design 
like an ICCP system for hot water tanks a solid foundation is most crucial 
The three most relevant sources where information can be gathered are from corrosion 
databases, lab testing and theoretical models. A fourth way of collecting data would be to 
look at existing design; such design are hard to come by at present time [43].  
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5.2.1.1 Corrosion databases 
The corrosion databases are valuable guidelines for the accuracy, sensitivity and 
repeatability. This information can be sourced from corrosion institutions like the National 
Association of Corrosion Engineers,(NACE) which is the leading society for corrosion control 
internationally [32] or the Australian standards: AS 2832/AS2239/AS2885. Other details to be 
aware of when using corrosion databases are:  
 There can be large variations in the operating conditions used for testing  
 Validation and verification of sources – make sure that cross quoting is not occurring 
 Keep the used data close to the actual use – corrosion data is specific. Test done of 304 
stainless steel might not be relevant to 316 stainless steel 
 Safety factor – make sure there is a safety factor [43] 
5.2.1.2 Theoretical models 
This method is best used for verification and validation of modeling conditions, not as a 
basis of design parameters. Corrosion is so unpredictable that small changes in a model can 
have a massive impact on the result and is important to keep this in mind if a model is to be 
designed. Creating a corrosion model is highly time consuming and requires a lot of 





 Other specific correlations [43] 
5.2.1.3 Lab Testing 
Testing is the not just the best way in achieving accurate results, it is also the best way to 
really understand the underlying reaction present in electrochemistry. If a future student 
decides to explore this project further and is lacking in knowledge in electrochemistry, lab 
testing is a perfect avenue for rapid learning. Testing can be done at either a university or at 
a private laboratory where several testing methods are possible. Some of the methods are 
listed below: 
Beaker – Atmospheric batch test 
 Metal coupon (weight loss) 
 Rotating cylinder electrode (RCE) 
 Jet impingement tests 
 Test for: CO2, salts, temperature, flow 
o Advantages: Simple, cheap, rapid screening 
o Disadvantages: Oxygen contamination, Poor representation and poor accuracy 
[43] 





Autoclave (pressurized batch test)  
 Test for: Salts, Temperature and Flow 
 Same range as a beaker but with high temperature and pressure. 
o Advantages: quick and cheap, more accurate 
o Disadvantage: Not fully representative, Fixed volume(stagnation)[43] 
Flow loop 
 The test is being replicated with parameters similar to a real life process 
 Test for: anything 
o Advantages: It is similar to a real system and can therefore precisely replicate the 
process conditions 
o There is full control of the test and can be “programmed” accordingly.[43] 
  






Oxygen is one of the variables that has the biggest impact on aqueous corrosion. From the 
figure below it can be see how the corrosion rates of iron increase dramatically as the 
concentration goes up. For a hot water system temperature will also be a big influence on 
the corrosion rate. It is important to note though, that the level of involvement from oxygen 
in the corrosion rate will decrease as the temperature increases. The higher levels, though, of 
oxygen present in a solution, the higher the corrosion rate will be, as oxygen is able to take 
up the oxygen from the anodic site, becoming an extra reduction reaction. Remember that 
anodic and cathodic reactions are equal in magnitude and the addition of oxygen will 
provide more paths for the electron to flow next to the ionic metal that is already reacting 




Figure 15: Corrosion Rate vs. Oxygen Concentration at Certain Temperatures[adapted from [4]] 
 






























6.2 Dissolved Solids 
Some of the solids consist of salt, inorganic and small amounts of organic matter that can be 
found in Perth drinking water is listed here: 
 sodium,  
 potassium,  
 calcium,  
 magnesium,  
 chloride,  
 sulphate,  
 bicarbonate,  
 carbonate,  
 silica,  
 organic matter,  
 fluoride,  
 iron,  
 manganese,  
 nitrate and  
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6.3 Hard water (calcium carbonate) 
It can cause scale to form on hot water pipes and fittings: Guidelines from the Water 
Corporation measures the levels of hard water to be: 
 “Less than 60 mg/L is soft and possibly corrosive (depends on pH, alkalinity and dissolved 
oxygen concentration), 
 Between 60 and 200 mg/L is deemed good quality for all domestic uses, 
 Between 200 and 500 mg/L will increase scale formation and 
 Greater than 500 mg/L will cause high scaling” [33]. 
6.4 pH 
“Elevated pH is often caused by calcium carbonate leaching from the protective cement lining 
of the pipes after long transit times. The Water Corporation specify a lower and upper aesthetic 
value of 6.5 and 8.5 respectively” [33]. 
6.5  -850mV protection criterion – Instant off 
This protection criteria and the science behind the specific -850mV (measured against a 
CuCuSO4 reference electrode [26]) value was a debilitating puzzle for a long time. Most 
corrosion documents refer to it but there is no equation or explanation as to why. Through 
further investigation it was found, through an ICCP group on LinkedIn, that there is no 
scientific explanation to the criterion value of -850mV.  It is basically the value that has been 
showing the best results over the past 80 odd years [26] and has been made a standard due 
to the lack of a better alternative [34]. The criterion does, however, follow some scientific 
processes to justify the chosen value. One of them is the Pourbaix Diagram. This diagram 
“maps out possible stable (equilibrium) phases of an aqueous electrochemical system” [27] as 
both the anode and the cathode have been shifted past a certain negative potential. This 
value, though, is not reliable as a long term reference as it will be different for any structure 
on any day [34].  But it is due to this non-constant equilibrium that the -850mV argument 
gains support as the criterion is more negative than any other equilibrium potential yet to be 
discovered [34]. 
To further confuse, the way that the -850mV criterion is to be measured is not fully agreed 
upon as there are three different ways currently in use. 
 Instant-On measurements, 
 Instant-Off measurements, and 
 100mV negative shift measurement [26] [35] 
Note: The -850 mV Instant-Off criterion is used as a guideline for the current experiments 
conducted in the process plant at Murdoch University. The values has been adjusted to suit 
the use of a saturated calomel electrode (SCE) instead of the copper/copper sulphate (CSE) 
electrode [36] primarily used as the reference for 850mV measurements. 




6.6 Current Density 
Current density is defined as “a vector whose magnitude is the electric current per cross-
sectional area at a given point in space” [37] and is measured in amperes per square meter. 
The major issue, though, is to find the correct magnitude of current density when applied to 
an ICCP system. In certain documents that refer to a table of common current densities, it is 
very hard to find yet again, a clearly defined equation to support the chosen current density 
values. It is, as with the -850mV criterion, often values that have provided corrosion control 
at earlier trials and have at a later stage been accepted as guidelines. Further in-depth 
documentation as to how and where current density can be calculated/approximated will be 
covered in the final thesis project. 
6.7 Chlorine 
Chlorine can lead internal pipe corrosion when it is added to water supply to keep 
microbiological contamination under control. Chlorine can have a big impact on corrosion at 
pH levels below 7, and have a grave drop in efficiency for control of biological contaminants 
when the pH is above around 7.8 to 8 [38] 
In Australian drinking water chloride levels range up to 350 mg/L depending on local source 
characteristics. [33] 
6.8 Electrolyte Characteristics 
Conductivity of a solution plays a vital part of corrosion in aqueous solutions. The higher the 
conductivity the better the solution can transport electrons. The conductivity is also a 
measure of the solutions composition. Distilled water, for instance, has a very low 
conductivity due to the removal of dissolved species whilst seawater, which is a solution full 
of ionic species, is very conductive. The water on offer in Australia has varying levels of 
conductivity and in a design of an ICCP system cannot be looked at as a set standards value. 
It is recommended that a feature for the controller takes this into account     
For a hot water system used in normal households, pH levels will not change much from the 
neutral 7. It is worth understanding what pH does in a system, but for analysis purposes, only 
the reactions close to the neutral value should be identified. For the purpose of 
understanding, changing testing parameters through addition of acids and alkaline solutions 
is recommended. The degree of ionization of chemical species in an electrolyte is also a 
governing factor of how corrosive the environment is. 
Solubility “is the measure of the quantity of an ion or gas in a solution” [4] and is governed 
by an upper saturation limit. The best example to use is when oxygen is added to a de-
aerated solution. It will dissolve to a certain level set by the saturation limit. If more oxygen is 
added after the saturation limit has been reached it will leave the solution without any 
interference on the system.  





Impressed Current Cathodic Protection design with the associated electrochemistry is a very 
interesting and challenging topic. Through the challenges faced and by the submission of a 
document serving as guideline and it is believed that the Impressed Current Cathodic 
Protection for Solar Hot Water Tanks has viable future.  By using this document as a 
guideline, great progress can be achieved for the next phase of the project as time-
consuming research has now been done. The groundwork has been laid down and the 
practical applications to a viable solution can start.  
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9.1 Appendix A – Standard Electrode Reduction Potential 
Table 
 
Table 2: Standard Electrode Reduction Potential Table [adapted from [39]] 





9.2 Appendix B – Project Scope from Start 
Supervisors: Gareth Lee 
Associate Supervisor: Dr Chris Creagh 
Most water tanks, such as those used in solar hot water systems; consist of steel 
tanks, combined with plumbing fixings made out of other metals such as copper or 
brass alloy.  Unfortunately when exposed to salt water, even at the low 
concentrations experienced in the public water supply, an electrochemical reaction is 
established that corrodes the steel. This is commonly dealt with by including a 
sacrificial anode made of another metal, such as magnesium or aluminium, which 
preferentially corrodes, sparing the tank. In industrial installations these anodes must 
be replaced regularly as part of a maintenance schedule, but  in a domestic setting 
they are seldom replaced and the corrosion that results after the sacrificial anode is 
consumed becomes the primary limiting factor of the lifetime of many hot water 
tanks. Anecdotally, most domestic tanks last 8-10 years under Australian conditions.  
 
This project is concerned with investigating the use of impressed current cathodic 
protection  (ICCP) to protect domestic tanks. ICCP is a technique used in large  
industrial installations,  such as those in the mining and oil and gas industries, and 
uses an electrical potential to impede the electrochemical reaction that leads to 
corrosion. Given a continuous source of electrical energy this approach operates 
indefinitely, without any maintenance. 
The project will determine if such a technique can be powered from sustainable 
energy sources and whether an electronic solution can be created that is sufficiently 
robust and reliable to extend the working lifetime of tanks beyond that of current 
methods. It involves a little electrochemistry, some practical experimentation and 
some electronic construction to investigate how ICCP could be applied to domestic 
tanks. Recommended Prerequisite: Industrial Computer Systems Engineering and/or  


















9.3 Appendix C – Constant Current Controller 
 
























































9.4 Appendix D – LinkedIn Discussion 
 
Figure 19: LinkedIn Discussion 
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